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Summary
Skin cancer is the most ubiquitous cancer type in the Cauca-
sian population, and its incidence is increasing rapidly [1].
Transcribed proliferation-related genes in dermal stem cells
are targets for the induction of ultraviolet light (UV)-induced
mutations that drive carcinogenesis. We have recently found
that transcription of a gene increases its mutability by UV
in mammalian stem cells, suggesting a role of transcription
in skin carcinogenesis [2]. Here we show that transcription-
associated UV-induced nucleotide substitutions are caused
by increased deamination of cytosines to uracil within pho-
tolesions at the transcribed strand, presumably at sites of
stalled transcription complexes. Additionally, via an inde-
pendent mechanism, transcription of UV-damaged DNA
induces the generation of intragenic deletions. We demon-
strate that transcription-coupled nucleotide excision repair
(TC-NER) provides protection against both classes of tran-
scription-associated mutagenesis. Combined, these results
unveil the existence of two mutagenic pathways operating
specifically at the transcribed DNA strand of active genes.
Moreover, these results uncover a novel role for TC-NER in
the suppression of UV-induced genome aberrations and
provide a rationale for the efficient induction of apoptosis
by stalled transcription complexes.
Results and Discussion
Transcription Enhances Ultraviolet Light-Induced
Mutagenesis
Solar ultraviolet (UV) light induces intrastrand crosslinks
between two adjacent pyrimidines. These photolesions pose
a barrier for both the DNA replication and gene transcription
machineries. Stalling of a replication fork at a photolesion
invokes mutagenic replication of the template damage by
specialized translesion synthesis DNA polymerases [3, 4].
Recently, we have found that transcription of an inducible
Hprt reporter minigene strongly increases its mutability by
UV light in mouse embryonic stem (ES) cells [2]. To address
the mechanistic basis of this transcription-associated muta-
genesis (TAM), we disrupted both alleles of Xpa, a gene essen-
tial for both the global genome repair (GG-NER) and the
transcription-coupled repair (TC-NER) subpathways of nucle-
otide excision repair, in these ES cells (see Figure S1 available*Correspondence: n.de_wind@lumc.nl
3These authors contributed equally to this workonline). GG-NER removes photolesions from the bulk of the
genome [5]. TC-NER specifically removes photolesions from the
transcribed strand of active genes. TC-NER thereby releases
transcription complexes stalled at a template lesion, ensuring
recovery of transcription and preventing apoptosis [6–9]. The
resulting NER-deficient cell line Hprt-Xpa17 expressed the
Hprt reporter gene at a physiological level, and its transcription
could be efficiently repressed by addition of doxycycline (Dox;
Figure 1B). As expected, Hprt-Xpa17 cells displayed hypersen-
sitivity to UV compared to the parental NER-proficient cell line
Hprt-mg2 (Figure 1C; Table S2).
We determined the frequency of UV-C (1 J/m2)-induced
mutations in the reporter gene in the NER-proficient and -defi-
cient cell lines and the dependence of mutagenesis on gene
transcription. When the reporter gene was not transcribed,
only a slight increase was observed in the frequency of
UV-induced mutations in the NER-deficient ES cells compared
to the NER-proficient ES cells (Figure 1D). This result indicates
that GG-NER plays a modest role in the protection against
UV-induced mutations in these cells. However, when the
Hprt reporter gene was transcriptionally active during and
after UV exposure, pronounced TAM was detected, but only
in the NER-deficient cells (Figure 1D). The overall photolesion
frequencies and their strand distribution at the Hprt reporter
gene were not affected by its transcription, excluding the
enhanced induction of photolesions as the cause of TAM
(Figure S2). Combined, these results confirm that UV lesions
become much more mutagenic when the damaged template
is transcribed. Additionally, these results demonstrate that
NER protects transcribed genes from TAM.
DNA Lesions in the Transcribed Strand Induce Specific
Nucleotide Substitutions
We then analyzed the mutations in the reporter gene in NER-
deficient cells treated with 1 J/m2 UV in the presence or
absence of the gene’s transcription. The transcription-associ-
atedmutations fell in two classes. The firstclass was comprised
of intragenic deletions that were completely transcription
dependent and induced with a frequency of 35 3 1026
(Figure S3). These data are consistent with our previous results
with NER-proficient cells after treatment with a higher UV dose
[2], indicating that NER provides protection against these
deletions. More strikingly, when the reporter gene was tran-
scribed, the frequency of UV-induced nucleotide substitutions
was strongly increased, but only in the NER-deficient cells
(1403 1026; Figure S3).
TC-NER-deficient mouse and human cells not only are prone
to apoptosis but also display a strong bias of UV-induced tran-
sition mutations toward the transcribed DNA strand [10, 11].
Hitherto, the mechanistic origin of this asymmetric mutagen-
esis has been obscure, although it has been hypothesized
that differential replication fidelities of both strands may be
related to this phenomenon [12]. However, when NER-defi-
cient ES cells were irradiated in the absence of transcription,
the dipyrimidines underlying the UV-induced substitutions
were distributed approximately equally over the two DNA
strands, arguing against major differences in replication
fidelity between both DNA strands (Figure 2A). In contrast,
Figure 1. Nucleotide Excision Repair Specifically Provides Protection against Transcription-Associated Mutagenesis
(A) Doxycycline (Dox)-regulated expression of an Hprt reporter gene. pCAG-tTA2 is a tTA2 transactivator cassette integrated at ROSA26 [2]; TRE is a tetra-
cycline- and Dox-responsive element.
(B) Dox-regulated Hprt expression in nucleotide excision repair (NER)-proficient Hprt-mg2 (NER+) and NER-deficient Hprt-Xpa17 (NER2) embryonic stem
(ES) cells containing an Hprt reporter gene. The endogenousHprt gene in these cells has been disrupted [2]. ES cells expressing the endogenousHprt gene
were used as a control.
(C) Clonal survival of Hprt-mg2 and Hprt-Xpa17 cells after exposure to increasing doses of UV-C in the presence or absence (+Dox) of Hprt reporter gene
transcription.
(D) Frequencies of 6-thioguanine-resistant (6-TGR) Hprt-mg2 and Hprt-Xpa17 clones induced by 1 J/m2 UV-C in the presence or absence of Hprt transcrip-
tion. 6-TG resistance can arise through loss of either the tTA2 transactivator or the Hprt reporter gene [2]. Error bars represent standard deviation.
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were specifically increased by transcription of the UV-
damaged reporter gene, and these transitions generally
occurred at dipyrimidines in the transcribed strand (Figure 2B;
Table S3). These results suggest that an interaction of the
transcription machinery with a template photolesion enhances
its mutagenicity. Furthermore, our data indicate that, in addi-
tion to intragenic deletions, the TC-NER subpathway provides
protection against transcription-associated transitions. Also,
in NER-proficient cells, transcription-associated single and
double transitions were induced, but only when these cells
were exposed to a higher UV dose (Figure S4; Table S4). This
indicates that saturation of TC-NER is in agreement with our
previous data displaying a linear relation between UV doses
higher than 1 J/m2 and TAM frequency [2].
Transcription Enhances Cytosine Deamination at UV
Photoproducts
Spontaneous deamination converts cytosines embedded
within photolesions to uracils [4]. Subsequent incorporation
of adenosines across these uracils by translesion synthesis
ultimately results in CC > TT and C > T transitions [13]. We
hypothesized that transcription-associated transitions origi-
nate from strand-specific deamination of cytosine within pho-
tolesions at the transcribed strand. To test this, we applied
a polymerase chain reaction (PCR) assay aimed at detecting
cytosine deaminations [14]. In this assay, one of the PCR
primers carries two 30 adenosines that restrict annealing todeaminated CC dipyrimidines after reversal of the photolesion
with photolyase. Four different CC dipyrimidines at positions
of transcription-associated CC > TT transitions located at
the transcribed strand were analyzed. Also, four CC dipyrimi-
dines at the nontranscribed strand that did not underlie
tandem transitions were tested. When the Hprt reporter gene
was transcribed, highly significant DNA strand-, time-, and
UV-dependent amplification with 30 terminal AA primers was
observed, indicating deamination of CC dinucleotides at the
transcribed strand (Figures 3A and 3B). In the absence of pho-
toreversal, no PCR product was obtained with the 30 terminal
AA primers (data not shown), confirming the presence of pho-
tolesions at the sites of the deaminated CC dipyrimidines.
These results strongly suggest that deamination of CC
within photolesions to UU at the transcribed strand of an
active gene underlies transcription-associated tandem transi-
tions. From the observed transcription-associated increase
in C > T single transitions at the transcribed strand, we also
infer that these mutations originate from deamination of cyto-
sine-containing photolesions. Together, these results indicate
that transcription-associated deamination of cytosines at
photolesions is an important intermediate in UV-induced
mutagenesis.
It has been demonstrated previously that the presence of
cytosine-containing pyrimidine dimers in single-stranded
DNA strongly enhances their spontaneous deamination rate
in vitro [15]. Our results are compatible with a model in which
most photolesions at the transcribed strand, induced by low
Figure 2. Transcription-Associated Mutagenesis Is Caused by DNA Photolesions at the Transcribed Strand
(A) Overall distribution of mutagenic pyrimidine dimers along the transcribed (TS) and nontranscribed (NTS) strands of the Hprt reporter gene in Hprt-Xpa17
cells. Nucleotide substitutions were analyzed in independent 6-TGR clones, exposed to 1 J/m2 UV-C, in the presence or absence of transcription.
(B) Spectrum of UV-C-induced nucleotide substitutions in the transcribed (TS) and nontranscribed (NTS) strands of the Hprt reporter gene in Hprt-Xpa17
cells irradiated in the absence (gray bars) or presence (black bars) of transcription. The frequencies of CC > TT (***p = 9.13 10211) and C > T (**p = 6.23 1025)
transitions (underlined) at the transcribed DNA strand are highly significantly increased when the gene is transcribed.
Current Biology Vol 20 No 2
172UV doses, are repaired by TC-NER (Figure 4, pathway 1). In the
absence of TC-NER, or when TC-NER is saturated at higher UV
doses, the extended stalling of the transcription complex at
photolesions [16] may attenuate their persistence in a single-
stranded state, predisposing their deamination to uracil.
Translesion synthesis during replication subsequently induces
single or tandem C > T transitions (Figure 4, pathway 2). In
addition to transitions, we found that UV-related TAM involves
intragenic deletions. Replication forks can collapse when they
collide with an active transcription unit, resulting in double-
stranded DNA breaks [17, 18] that may yield deletions after
error-prone end joining [19]. We hypothesize that the chance
of such a canonical event is increased when the transcription
complex is stalled at a photolesion (Figure 4, pathway 3).
Conversely, we predict that efficient apoptosis induced by ar-
rested transcription complexes may eliminate cells that are at
risk for excessive TAM (Figure 4, pathway 4). This notion
provides a novel rationale for the function of the transcription
complex as a sensitive DNA damage sensor, in addition to
its established role in restoring transcription itself.
The TC-NER pathway, by preventing prolonged transcrip-
tion stalling at photolesions, is seminal for protection against
both mutagenic cytosine deamination and intragenic dele-
tions, suggesting that this NER subpathway may specifically
prevent oncogenic mutations in actively transcribed genes
[20]. Indeed, upon exposure to solar UV-A and UV-B light,
most mutations in the p53 gene in skin tumors of TC-NER-
deficient mice are C > T and CC > TT transitions caused
by photolesions in the transcribed strand, strongly suggest-
ing that transcription-associated deamination of photole-
sions is carcinogenic [4, 12, 21]. Also, data from humans
suggest that NER prevents UV-induced transition mutations
derived from the transcribed strand [10]. In yeast and
bacteria, mechanistically distinct TAM pathways increase
spontaneous mutagenesis by enhancing cytosine deamina-
tion or misincorporation of uracil at the nontranscribed DNA
strand [22, 23].Conclusions
We have shown that UV-induced DNA lesions are highly muta-
genic in mammalian stem cells, specifically when located in
the template strand for transcription. This represents the first
example of TAM in mammals and the elucidation of novel path-
ways for UV-induced mutagenesis. We found that one of the
pathways is triggered by site-specific deamination of cytosine
within photolesions to uracil, presumably mediated by stalling
of the transcription complex at the photolesion. In addition, we
have provided evidence that a second class of TAM, intragenic
deletions, also depends on photolesions at the transcribed
DNA strand. Our data unveil a previously unrecognized role
for TC-NER in the prevention of both classes of TAM, in
addition to its established role in restoring transcription of
damaged templates. Furthermore, they provide a rationale
for the function of the transcription machinery in DNA damage
sensing and the induction of apoptosis outside of the S phase.
Finally, our results provide novel insights into fundamental
aspects of sunlight-induced carcinogenesis.
Experimental Procedures
Mutagenesis Experiments
ES cells were cultured on gelatin-coated dishes in buffalo rat liver cell-
conditioned medium supplemented with 10% tetracycline-free fetal calf
serum. Prior to UV treatment, cells were cultured for 4 days in medium con-
taining hypoxanthine aminopterin thymidine (HAT) supplement to eliminate
inadvertent Hprt-deficient cells. To block Hprt transcription, we added
doxycycline (Dox, 1 mg/ml) to the medium starting at 24 hr prior to UV irradi-
ation, and Dox treatment was maintained for 6 days. After UV exposure and
transcription repression with Dox, cells were cultured for 6 additional days,
allowing for the restoration of Hprt expression. UV sensitivity was deter-
mined via a clonal survival assay. Mutagenesis was determined after
exposure of cells with a transcriptionally silent or active Hprt reporter
gene to 1 or 2 J/m2 UV-C. Cells that had lost expression of Hprt were
selected with 5 mg/ml 6-thioguanine (6-TG).
Spectrum of UV-Induced Hprt Mutations
For analysis of substitution mutations, RNA was isolated from cells by
extraction with TRIzol reagent (Invitrogen). cDNA was prepared with
Figure 3. Increased Cytosine Deamination at CC Photolesions at the Transcribed Strand
(A) Hprt-Xpa17 cells were exposed to 100 J/m2 UV-C in the presence or absence of transcription, and genomic DNA was isolated immediately (0 hr), 8 hr, or
16 hr post UV. Deamination was determined by polymerase chain reaction with primers containing a 30 AA dinucleotide sequence after photoreactivation of
the intrastrand crosslink. Reactions with 30 GG primers served as controls for amplification. Four dicytosine sites on either the transcribed (TS) or the non-
transcribed (NTS) strand were analyzed. Numerals refer to the positions of the dicytosine sites within the Hprt minigene.
(B) Quantification of cytosine deamination at the transcribed (TS) and nontranscribed (NTS) strands in the absence or presence of transcription at four
tandem dicytosines at the transcribed strand or at the nontranscribed strand. Error bars represent the standard error of the mean. Deamination of dicyto-
sines within photolesions at the transcribed strand is significantly increased by transcription (p = 0.002).
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173SuperScript III reverse transcriptase (Invitrogen) and Oligo(dT)12-18 primers
(Invitrogen). In total, 86 and 49 individual 6-TGR clones generated in the pres-
ence or absence of Hprt transcription, respectively, were analyzed.
Identification of Intragenic Deletions
Loss of heterozygosity (LOH) at the tTA2 transactivator and the Hprt
reporter gene was determined by PCR on genomic DNA of 6-TG-selected
ES clones. Intragenic deletions at the Hprt reporter gene were identified
by PCR with overlapping primer pairs with DNA from 6-TGR clones that
displayed LOH at the Hprt gene. DNA samples from a total of 46 6-TGR
clones derived from cells irradiated in the presence or absence of Hprt
transcription were analyzed.Cytosine Deamination Analysis
Hprt-Xpa17 cells were cultured in the presence of HAT or Dox for 1 week to
ensure or repress Hprt transcription, respectively, and subsequently irradi-
ated with 100 J/m2 UV-C. At this UV dose, on the average, one cyclobutane
pyrimidine dimer (CPD) per reporter gene copy is introduced. Cells were
harvested immediately or incubated at 37C for 8 or 16 hr in medium to allow
cytosine deamination. UV-induced CPDs were removed from the DNA with
purified CPD photolyase enzyme. Equal amounts of DNA were used for PCR
analysis with primers containing either 30 GG or AA (Table S1). PCR products
were separated on agarose gels, transferred to Zeta-Probe membrane (Bio-
Rad), and hybridized with an [a-32P]dATP-labeled probe containing exons
1–8 of the Hprt reporter.
Figure 4. Events Triggered by Photolesions at
the Transcribed Strand
(1) Transcription-coupled nucleotide excision
repair prevents transcription-associated muta-
genesis (TAM) by removing photolesions from
the transcribed strand. (2) Persistent stalling of
the transcription complex increases sponta-
neous deamination of cytosines within photole-
sions, resulting in single and tandem transitions
(only a tandem transition is shown). (3) Interac-
tions between a stalled transcription complex
and the replication fork result in its collapse and
the formation of intragenic deletions. (4) Persis-
tent stalling of the transcription complex induces
apoptosis, thereby preventing both classes of
TAM.
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